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Optimization of fermentation processes requires monitoring the species composition 
of starter cultures and their growth during fermentation. Most starter cultures contain 
closely related species. Nowadays, high-resolution melting (HRM) analysis is extensively 
used for multiplex identification of closely related species. In the present paper, we ap-
plied real-time polymerase chain reaction (PCR) with HRM analysis for the detection and 
differentiation of Lactobacillus sakei and L. curvatus. A primer pair was selected for the site 
of the rpoA gene of Lactobacillus spp. Eleven starter cultures and fifteen fermented sausag-
es with a known bacterial composition were successfully tested using real-time PCR with 
HRM analysis with the developed primer pair.
Key words: real-time PCR, HRM, starter cultures, fermented sausages, Lactobacillus sakei, 
Lactobacillus curvatus
INTRODUCTION
Technology used to produce raw smoked sausages is based on the fermentation of raw 
meat by indigenous microflora or introduced starter cultures. Lactic acid bacteria (LAB) play 
a significant role in the technological process, decreasing the pH value and causing the for-
mation of a number of aromatic compounds. Starter cultures are one of the key factors in the 
microbiological safety of fermented meat products due to competitive growth with patho-
genic microorganisms and causative agents of spoilage. Thus, optimization of fermentation 
processes requires monitoring the species composition of starter cultures and their growth 
rate during fermentation.
Analysis of the microbiota of raw smoked sausages (1-4), as well as of starter cultures in 
the Russian market, showed that several LAB species are important for control of the tech-
nological process: Lactobacillus sakei, L. curvatus, L. pentosus, L. plantarum, L. paraplantarum 
and Pediococcus pentosaceus.
Fast, reliable identification methods that do not necessitate obtaining isolates of micro-
organisms are of great importance for the control of endogenous or introduced starter cul-
tures. One such method is polymerase chain reaction (PCR). The design of species-specific 
primers is a trivial task. However, determining an unknown microbiological composition is 
necessary, but conducting separate reactions with all primer pairs is costly. To identify Lacto-
bacillus spp., multiplex PCR based on the band size differentiation in agarose gel after elec-
trophoresis can be used (5,6). However, the design of several primer pairs presents a number 
of difficulties, in particular, preventing their mutual complementarity. Restriction fragment 
length polymorphism is another method for species differentiation (7). In this approach, 
one universal primer pair is used; however, when performing an additional restriction step, 
manipulations with amplicons are necessary, which increases the risk of cross-contamina-
tion. The electrophoresis stage of both methods extends the process. The development of 
real-time PCR, including the use of TaqMan probes, allowed the quantitative counting of 
microorganisms in the sample without the isolation of isolates in both single (8,9) and mul-
tiplex reactions (10,11). The use of primer probe set accelerates the study and increases the 
specificity of the reaction, but the use of probes raises the cost of analysis due to the com-
plexity in the design of multiplex reactions among other factors.
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A number of fermentation-relevant organisms belong to 
two clades: L. sakei and L. plantarum (12). Thus, to differentiate 
among the species within these clades, it is possible to use 
homologous genome regions with single nucleotide poly-
morphisms (SNPs). High-resolution melting (HRM) analysis is 
suitable for this purpose. A thermocycler with an intercalating 
saturating dye is used to perform HRM after real-time PCR and 
does not require additional manipulation. Wittwer et al. (13) 
first proposed HRM analysis in 1997, and it is currently used 
primarily for detecting SNPs, genetic mosaicism, copy number 
variant confirmation and as an alternative to gel electropho-
resis (14). Also, HRM is now widely used to identify subspecies 
and related species of plant (15), fungi (16), Phytophthora spp. 
(17), nematodes (18,19), mosquitoes (20), Plasmodium spp. (21), 
cyanobacteria (22) and bacteria (23-31).
Various strategies have been used for species-level identifi-
cation of LAB using the HRM method. Porcellato et al. (29) used 
universal primers targeting the V1 and V3 regions of a 16S rRNA 
gene for strain-level characterization of isolates of various LAB 
species. Iacumin et al. (25) used a system of three primer pairs 
aimed at the genes dnaJ and dnaK to differentiate among spe-
cies of the phylogenetic group L. casei. However, PCR was suc-
cessfully used for the same purpose with HRM analysis with 
one primer pair (29,30). The use of one primer pair has also 
been successful in differentiating among species and subspe-
cies within other genera of microorganisms (15,17,18,25,26).
Isolated cultures were used in most of the aforementioned 
studies. However, HRM provided reliable results in the study of 
complex samples, such as artificially contaminated food sam-
ples (26,27), cheese during fermentation (30), and clinical sam-
ples (23). Thus, HRM analysis can be used when DNA is isolat-
ed from various objects with different contents of the target 
microorganism.
In the present study, we designed a primer pair for the mul-
tiplex detection of the closely related species L. sakei and L. cur-
vatus in samples of starter cultures and fermented sausages by 
real-time PCR with HRM analysis.
MATERIALS AND METHODS
Control strains and growth conditions
The positive controls were strains of Lactobacillus sakei and 
L. curvatus from the laboratory collection. Strains of L. plantar-
um, Listeria monocytogenes and Staphylococcus curvatus from 
the laboratory collection were used as negative controls. LAB 
were grown on MRS agar (Liofilchem, Roseto degli Abruzzi, 
Italy) at 30 °C for 48 h. L. monocytogenes and S. curvatus were 
grown on plate count agar (PCA; Liofilchem) at 37 °C for 48 h.
Samples of products and microbiological identification
The subjects of this work were commercial starter cultures 
(code symbols A-1 to A-11) and semi-dry fermented sausag-
es (code symbols B-1 to B-15). Samples A-1 to A-8 and B-1 to 
B-9 had L. sakei in their compositions, samples A-9, A-10 and 
B-10–B-12 had L. curvatus, while samples A-11 and B-13 to B-15 
did not contain either of these species.
The presence or absence of L. sakei or L. curvatus in the 
samples was confirmed by microbiological methods. First, 
10 g of each starter culture were added to 90 mL of buffered 
peptone water (Liofilchem), while fermented sausages were 
sampled according to GOST R ISO 6887-2:2013 (32) by prepar-
ing 10-fold dilutions of samples. Then, 1 mL of each 10-fold 
dilution was inoculated into two Petri dishes containing MRS 
agar. Cultivation conditions were 30 °C for 48 h. We took three 
isolated colonies for biochemical identification from each of 
the Petri dishes of the last dilutions in which growth was ob-
served. We took only Gram-positive bacilli from starter culture 
samples. Identification was performed using the API 50 CHL 
test system (Merck, Darmstadt, Germany).
Isolation of DNA
The control strains were suspended in sterile 0.9 % saline 
solution until an opacity rate of 5 was achieved according to 
the McFarland standard. Starter cultures were dissolved in sa-
line solution in a ratio of 1:10. Next, 1 mL of each sample sus-
pension was centrifuged at 3286×g for 5 min in a microcen-
trifuge MiniSpin (Eppendorf, Hamburg, Germany), followed 
by the removal of 800 μL of the supernatant. The remaining 
200 μL were resuspended for further DNA isolation on the 
MagNA Pure LC 2.0 isolation station (Roche, Mannheim, Ger-
many) using the MagNA Pure LC DNA Isolation Kit III (bacte-
ria, fungi) (Roche).
To isolate DNA from fermented sausages, 50 mg of sam-
ples were taken. Then, DNA isolation was performed on the 
MagNA Pure LC 2.0 isolation station (Roche) using the MagNA 
Pure LC DNA Isolation Kit II (tissue) (Roche).
Primer design
Primer pairs for sequencing and specific identification 
were designed using the rpoA gene sequences of L. sakei and 
L. curvatus (Table 1) taken from the GenBank database (33). 
Primer-BLAST (34) and OligoAnalyzer v. 3.1 (35) were used for 
primer design. The melting points (Tm) of the final amplicons 
were evaluated using uMeltSM software according to the Blake 
and Delcourt thermodynamic model (36).
Sequencing of the rpoA gene site of positive controls
The amplicon of the target site of the rpoA gene was ob-
tained using primers for sequencing. Each 50 μL of the reac-
tion mixture contained primers at a concentration of 300 nM, 
deoxynucleotide triphosphates at a concentration of 0.2 mM 
each, MgCl2 at a concentration of 2.5 mM, HF-Fuzz DNA pol-
ymerase at a concentration of 1 unit of activity, 20 μL of 2.5× 
amplification buffer (Dialat, Moscow, Russian Federation), and 
5 μL of DNA. Conditions for PCR were preliminary denatura-
tion at 98 °C for 120 s and 35 amplification cycles (60 °C for 30 s, 
72 °C for 15 s, and 98 °C for 10 s).
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The amplicons were sequenced using Sanger’s method 
(37) in Evrogen, JSC (Moscow, Russian Federation). The ob-
tained sequences were aligned using Clustal Omega (38) with 
the corresponding sites of the genes of the L. sakei FAM18311 
strain (GenBank: NZ_CP020459.1) and L. curvatus MRS6 strain 
(GenBank: NZ_CP022474.1).
Conditions for real-time PCR with HRM analysis
Real-time PCR with HRM analysis was performed on the 
LightCycler® 96 (Roche) and CFX96™ (Bio-Rad Laboratories 
Inc., Hercules, CA, USA) amplifiers. Efficacy and specificity 
were evaluated and the cycle cut-off was determined with the 
use of real-time PCR reagent (Syntol, Moscow, Russian Federa-
tion). We conducted the study of positive controls, their dilu-
tions, and mixtures of positive and negative controls using the 
LightCycler 480 HRM Master kit (Roche) and real-time PCR rea-
gent (Syntol). Study of the samples of starter cultures was per-
formed using the LightCycler 480 HRM Master kit, while fer-
mented sausages were studied using real-time PCR reagent.
A volume of 20 μL of the reaction mixture analysed using 
the LightCycler 480 HRM Master kit contained primers at a con-
centration of 300 nM, 10 μL Master Mix 2× with ResoLight dye 
(Roche), 2.5 mM MgCl2 and 2 μL DNA. The PCR conditions were 
preliminary denaturation at 95 °C for 10 min and 45 amplifi-
cation cycles (57 °C for 15 s, 72 °C for 10 s, and 95 °C for 10 s).
A volume of 25 μL of the reaction mixture analysed using the 
real-time PCR reagent (Syntol) comprised primers at a concen-
tration of 300 nM, 10 μL of EVA Green mixture (final concentra-
tion 2.5 mM MgCl2, dNTP at a concentration of 0.25 mM each (2.5 
mM each nucleotide, SynTaq polymerase at a concentration of 
2.5 unit of activity, 1× EVA Green)) and 2 μL of isolated DNA. PCR 
conditions were preliminary denaturation at 95 °C for 7 min and 
45 amplification cycles (60 °C for 40 s and 95 °C for 15 s).
The HRM analysis on LightCycler 96 was performed at 0.05 
°C, whereas on CFX96, it was at 0.2 °C. Melting curves were an-
alysed using LightCycler 96 software v. 1.1.1 (39) and Precision 
Melt Analysis software (40). The values of Tm were taken from 
the LightCycler 96 software (39) and CFX Maestro™ data (41). 
All samples were studied in triplicate.
HRM of mixed samples
To test the possibility of detection in mixed samples, mix-
tures of DNA from standard L. sakei and L. curvatus samples 
were prepared in the ratios 1:1, 1:2, 2:1, 1:10 and 10:1. DNA 
concentrations of the positive controls were aligned ear-
lier according to the real-time PCR data. The conditions for 
conducting real-time PCR with HRM analysis were the same as 
those for other experiments, and HRM of the mixed samples 
was conducted in parallel with HRM of the positive controls.
Statistical analysis
All data were statistically analyzed using Microsoft Excel 
2010 (42) and R statistical software (43). A comparison of the 
threshold value and Tm values was performed, and a multi-
ple comparison was done using Dunn’s test (44) to determine 
which values were significantly different (p<0.05 with Bonfer-
roni adjustment).
RESULTS AND DISCUSSION
Selecting a gene site
For the design of primers specific to Lactobacillus sp. 
clades, various target genes were used: groEL (28), spxB (30) 
and rpoA (7,45). We chose rpoA gene based on literature data. 
Two SNPs were identified on this site: T and A in L. sakei and C 
and T in L. curvatus at positions 1779480 and 1779517, respec-
tively, according to the sequence of L. sakei FAM18311 strain 
(GenBank: NZ_CP020459.1).
We conducted PCR for positive controls and sequencing 
to confirm the practicability of the use of this site. The ob-
tained amplification products were sequenced. Using Clus-
tal Omega software (38), we aligned the sequences to each 
other and to the corresponding sections of the genomes of 
L. sakei FAM18311 (GenBank: NZ_CP020459.1) and L. curvatus 
MRS6 (GenBank: NZ_CP022474.1). The result of the alignment 
is shown in Fig. S1 (33).
The gene sites of the positive controls coincided with the 
corresponding sites of the L. sakei FAM18311 and L. curvatus 
MRS6, which confirms the practicability of using this site for 
the differentiation between these two species.
Evaluation of efficiency and specificity, and definition 
of the cycle cut-off
We used the primer pair LscHRM (Table 1) to perform PCR 
followed by HRM analysis. To assess the efficiency, specificity, 
and cycle cut-off of the reaction, the DNA of a positive control 
of L. curvatus, its 10-fold dilution, and the DNA of negative con-
trols were used (results are not shown). The DNA of L. sakei was 
also investigated. The ratio of positive control quantities was 
determined by the threshold values. Their concentrations were 
aligned for further studies.
Table 1. Sequences and positions of the primers used in the study





78.7 for L. sakei







bp=base pairs, *calculated by uMelt software (36), PCR=polymerase chain reaction, HRM=high-resolution melting analysis
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The calculated correlation coefficient of real-time PCR on 
LightCycler 96 was R2=1.0 and the efficiency was E=96.5 %. 
The equation of its linear regression line was:
 y=−3.5095x+47.42  /1/
The calculated correlation coefficient of real-time PCR on 
CFX96 was R2=0.999 and the efficiency was E=95.5 %. The 
equation of its linear regression line was:
 y=−3.435x+50.588  /2/
The penultimate dilution was 10-4, which gave a positive 
result. The threshold value for 10-4 dilution using LightCycler 
96 was 32.9 cycles, whereas using CFX96, it was 35.89 cycles. 
These values were taken as cycle cut-offs. The threshold val-
ues for 10-5 dilution were 36.26 and 37.5 cycles respectively. 
Thus, the dynamic range of LscHRM primers was five orders 
of magnitude. Negative controls came out after 35 cycles on 
LightCycler 96 and after 37 cycles on CFX96. According to re-
al-time PCR results, the concentration of DNA of positive con-
trols was aligned for further studies.
Analysis of the effect of the concentration of target DNA 
on the HRM result
To analyse the effect of the initial DNA concentration on the 
HRM analysis, the DNA of positive controls and their four 10- 
-fold dilutions were studied. The melting curves of positive con-
trols and their dilutions were divided into two clusters belong-
ing to two species (L. sakei and L. curvatus). However, the melting 
curves of the fourth dilutions when using LightCycler 480 HRM 
Master Mix were isolated into their own clusters when analyz-
ed on Precision Melt Analysis software (Fig. S2a). The result of 
analysis with LightCycler 96 software did not reveal a significant 
change in the shape of the curves (Fig. S2b). This is consistent 
with the literature data on the stability of the HRM results within 
four logarithms of the initial DNA concentration (46).
In this case, the Tm values of positive controls were close 
to those of all dilutions (Table 2 and Table S1), and varied 
depending on the amplifier and reagents. It should be noted 
that Tm values of one sample type may vary using separately 
(even if identically) prepared reagent master mixes within a 
single run (47), but the average melting points (ΔTm) of pos-
itive controls under all PCR conditions were similar and the 
overall average was 0.65 °C (σΔTm=0.034). Values Tm of dilu-
tions could differ by 0.2 °C when working with data obtained 
with CFX96. However, the difference between the two groups 
remained reliable.
Various data on the concentration of DNA and the thresh-
old value at which the HRM result for a number of dilutions 
coincided are found in the literature. In a study by Winchell 
(31), the range of optimal threshold values was 15–35 cycles, 
whereas in the study by Koirala et al. (28), it was 21–28. The 
ranges of threshold values at which differentiation was pos-
sible are shown in Table 2.
In our study, we used a site with SNPs stable for each spe-
cies and specific primers. Therefore, a discrepancy of 0.2 °C is 
permissible, and a change in the shape of the melting curve 
does not affect the result. Thus, the Tm value is sufficient for 
the differentiation of the two species of microorganisms at 
a wide range of microbial counts in a sample. It is necessary 
to compare Tm value of samples with the Tm value of positive 
controls of both species in one run for species differentia-
tion by HRM. HRM result (ΔTm between L. sakei and L. curva-
tus groups) was the same using specialized reagent for HRM 
(LightCycler 480 HRM master kit) and common reagent for 
real-time PCR.
HRM of the studied samples
Real-time PCR was performed with HRM analysis of DNA 
samples of starter cultures and fermented sausages. Samples 
A-11, B-13, B-14 and B-15 gave negative results. Table 3 gives 
the Tm values of the samples.
The Tm of the samples in each group (L. sakei or L. curvatus) 
was close to the Tm of the control samples. Moreover, the Tm of 
the groups significantly differed from each other. 
Table 2. Melting temperature (Tm) and threshold cycle values of positive controls and their dilutions obtained by LightCycler 96 (39)
Lactobacillus sakei Lactobacillus curvatus
Dilution Tm/°C Threshold cycle Dilution Tm/°C Threshold cycle
LightCycler 480 HRM master kit
1 (79.70±0.08)a (18.8±0.1)a 1 (80.46±0.03)a (19.2±0.1)a
10-1 (79.71±0.04)a (22.50±0.04)a 10-1 (80.46±0.01)a (22.6±0.1)a
10-2 (79.8±0.1)a (26.1±0.1)a 10-2 (80.43±0.04)a (26.15±0.08)a
10-3 (79.69±0.05)a (29.7±0.1)a 10-3 (80.45±0.05)a (29.67±0.09)a
10-4 (79.69±0.05)a (32.8±0.5)a 10-4 (80.44±0.05)a (32.7±0.5)a
Total (79.73±0.07)b Total (80.45±0.03)b
Real-time PCR reagent
1 (80.63±0.03)a (19.60±0.06)a 1 (81.29±0.03)a (19.18±0.05)a
10-1 (80.50±0.04)a (22.89±0.05)a 10-1 (81.30±0.02)a (22.8±0.1)a
10-2 (80.56±0.08)a (26.7±0.2)a 10-2 (81.28±0.03)a (26.1±0.1)a
10-3 (80.59±0.03)a (30.0±0.2)a 10-3 (81.27±0.03)a (29.5±0.1)a
10-4 (80.55±0.03)a (33.8±0.2)a 10-4 (81.25±0.03)a (33.5±0.4)a
Total (80.58±0.05)b Total (81.28±0.03)b
Data represent the mean value±standard deviation (aN=3, bN=15), PCR=polymerase chain reaction
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In our study, the source of DNA (isolated cultures, starter 
cultures or fermented sausages) did not have a significant ef-
fect on Tm. However, Słomka et al. (47) observed a discrepancy 
in the data upon comparative HRM analysis of DNA of forma-
lin-fixed and paraffin-embedded tissue samples.
The result of HRM was consistent with the data obtained 
by microbiological methods (Table S2). L. plantarum and L. 
rhamnosus were identified as dominant LAB species in sam-
ple A-11, L. plantarum was also identified in samples B-13 and 
B-14. P. pentosaceus was identified in sample B-15, L. sakei in 
samples A-1 to A-8 and B-1 to B-9, and L. curvatus in samples 
A-9, A-10 and B-10 to B-12.
Analysis of the dynamic range of HRM detection of both 
species in the sample
The normalized melting peaks of standard and mixed 
samples are shown in Fig. 1 (shown for one replication). HRM 
analysis with the primer pair LscHRM was only able to identify 
both species in a sample when their ratio was almost equal. 
Thus, faint peak for each species is seen in the DNA samples 
from mixtures of L. sakei and L. curvatus in ratios 2:1, 1:1 and 1:2. 
When the quantity of one species was ten times higher than 
that of the other, the HRM result was the same as for positive 
controls, which is in line with the literature (21). Detection of 
two species in one sample by the HRM method is not always 
possible even with the use of two primer pairs (21).
CONCLUSIONS
In this study, real-time polymerase chain reaction (PCR) 
with high-resolution melting (HRM) analysis was successful-
ly applied to quickly and accurately detect Lactobacillus sakei 
and L. curvatus in food samples. Real-time PCR with HRM is able 
to identify both species in the sample only when their ratio is 
equal. However, this limitation is not critical, as the dominant 
microflora is of technological importance. HRM differentiation 
is based on comparing Tm values of samples with Tm values of 
positive controls, which makes it possible to use different re-
agent kits for real-time PCR with saturating dye. In summary, 
HRM analysis is a simple, quick and cheap method. Real-time 
Table 3. Melting temperature (Tm) of samples and positive controls 
Lactobacillus sakei Lactobacillus curvatus
Sample Tm/°C Sample Tm/°C
LightCycler 96 CFX96 LightCycler 96 CFX96
Starter culture
Control strain (79.79±0.08)a (78.6±0.0)a Control strain (80.46±0.03)a (79.2±0.0)a
A-1 (79.79±0.02)a (78.6±0.0)a A-9 (80.49±0.01)a (79.2±0.0)a
A-2 (79.66±0.09)a (78.6±0.0)a A-10 (80.51±0.07)a (79.0±0.0)a
A-3 (79.68±0.05)a (78.6±0.0)a
A-4 (79.70±0.08)a (78.6±0.0)a




Total (79.70±0.07)b (78.61±0.07)b Total (80.48±0.04)c (79.1±0.1)c
Fermented sausage
Control strain (80.8±0.1)a (79.8±0.0)a Control strain (81.3±0.1)a (80.4±0.0)a
B-1 (80.69±0.04)a (79.9±0.1)a B-10 (81.20±0.08)a (80.5±0.1)a
B-2 (80.66±0.03)a (79.8±0.0)a B-11 (81.30±0.04)a (80.6±0.0)a







Total (80.7±0.1)d (79.8±0.1)d Total (81.3±0.1)e (80.5±0.1)e





Fig. 1. High-resolution melting analysis (HRM) of mixed samples. Nor-
malized melt peaks analysed by LightCycler® 96 software (39). Sam-
ples: 1=Lactobacillus curvatus, 2=L. sakei, 3=L. curvatus and L. sakei 
mix in ratio 1:1, 4=L. curvatus and L. sakei mix in ratio 2:1, 5=L. curvatus 
and L. sakei mix in ratio 1:2, 6=L. curvatus and L. sakei mix in ratio 10:1, 
and 7=L. curvatus and L. sakei mix in ratio 1:10
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PCR with HRM analysis is a good alternative to multiplex PCR 
with fluorescent probes. It is relevant to the food industry, 
where closely related microbial species are widely used.
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